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ABSTRACT
Efficient use of fertilizer N requires an assessment of the N con-

tribution from decomposing crop residues. The objectives of this
study were to quantify and model the amount of mineralized N re-
covered by a growing crop from 15N-labeled sorghum (Sorghum bi-
color [L.J Moench) residues of variable N concentration and
composition. The residues were incorporated into the surface soil of
field microplots. The microplots were double-cropped with sorghum
and wheat (Triticum aestivum L.) for a 3-yr period. The "N tag in
the crop residue was used to distinguish between residue-derived N
and that from soil organic matter. Between 4.5 and 25% of the residue
N applied (36-83 kg N ha~' was applied as crop residue N) was
recovered by a sorghum crop 110 d after incorporation. This con-
stituted 56 to 77% of the total N recovered during a 3-yr period.
Accumulated N recovered over time was described by modified first-
order models. Regression analysis indicated that 93% of the varia-
bility in N recovered by 110 d could be explained using the C/N
ratio and acid-detergent fiber contents of the residues. Measure-
ments of N mineralized, using the method described above, were

compared with predicted N mineralized, using MINIMO (a sub-
routine of the CERES-Maize model). After adjusting MINIMO pa-
rameters using data collected 110 d after residue incorporation, the
slope and intercept of a linear fit between measured and MINIMO-
predicted N mineralized 1097 d after residue incorporation were not
different from one and zero, respectively.
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Part of the solution is in quantifying the amount of
mineralized N recovered from decomposing crop res-
idues by a growing crop. The C/N ratio of a crop res-
idue is used to qualitatively predict whether net
mineralization or immobilization of N will occur dur-
ing residue decomposition (Harmsen and Van Schrev-
en, 1955; Bartholomew, 1965; Alexander, 1977).
Recently, Frankenberger and Abdelmagid (1985), Fu
et al. (1987), and Yadvinder-Singh et al. (1988) re-
ported on lab investigations designed to quantify the
effect of residue C/N ratio on N mineralization. How-
ever, only a few field investigations included the use
of several crop residues of variable N content. Wagger
et al. (1985a) used 15N-labeled wheat and sorghum res-
idues and found that N from sorghum residues with
C/N ratios of 27, 35, 37, and 38 mineralized 33, 19,
15, and 12% of the applied residue N within 1 yr. For
wheat residues with C/N ratios from 93 to 117, they
reported a net mineralization of 12 to 15% of the N
contained in the residue within 1 yr. Ladd et al. (1981,
1983, 1985), and Ladd and Amato (1986), in a series
of studies with Coast medic (Medicago littoralis
Rohde ex Lois.), found that up to 17% of the N applied
in the legume residue was recovered by a subsequent
wheat crop. In all of the 15N-labeled experiments men-
tioned above, an association between residue C/N ra-
tio and the amount of N recovered was reported;
however, none of the studies were specifically designed
to investigate this effect.

This experiment was conducted to estimate the
amount of N mineralized from decomposing sorghum
residues of variable N content under field conditions
by measuring N uptake in a growing crop. A second
objective was to describe, with mathematical models,
the relationship between the chemical properties of a
crop residue and the amount of N mineralized over
time. Our final objective was to compare the measured
amounts of N mineralized with those predicted by an
existing simulation model, MINIMO, a subroutine of
the CERES-maize model (Jones and Kiniry, 1986) tak-
en from the mineralization-immobilization portion of
the PAPRAN model (Seligman and Van Keulan,
1981).

MATERIALS AND METHODS
Crop Residue Collection and Labeling

On 2 July 1984, sorghum was planted 8 cm apart, in rows
spaced 76 cm apart, at the Ashland and North Agronomy
Farm Research Centers in Manhattan, KS, on a Haynie fine
sandy loam (coarse-silty, mixed (calcareous), mesic Mollic
Udifluvent) and a Smolan silt loam (fine, montmorillonitic,
mesic Pachic Argiustoll), respectively. The planted sorghum
was separated from the surrounding field area by inserting
a plywood barrier 0.6 m deep around 6 rows 3.3 m long.
Two weeks after seedling emergence, K15NO3 mixed with
unenriched NH4NO3 was applied at N rates of 200 or 20 kg
ha-' (2.1 and 10.6 atom % 15N, respectively). The fertilizer
was injected as a solution with a syringe 5 cm deep and 5
cm away from individual plants. Sorghum was harvested on
13, 20, and 27 Aug., 6 and 17 Sept., and 3 Oct. 1984 at both
sites in an effort to obtain sorghum tissues of variable N
concentration. Sorghum tissues were oven dried at 50 °C for
5 d. Mature plants of the 6 and 17 Sept. and 3 Oct. harvests
were separated into leaves, stems, and heads. Leaves were
chopped into particles no longer than 3 cm. Stem materials
were cut into 6-cm lengths. Head materials that had grain

were not used. Plants of earlier harvests on 13, 20, and 27
Aug. were chopped as whole plants. Crop residues were
stored at room temperature in a cool, dry, air-conditioned
storeroom. Total N was determined using the method of
Bremner (1982), and samples for isotope-ratio analysis were
prepared using the method of Wagger et al. (1985b). Isotope
ratios of the residues were determined with a Perkin-Elmer
RMS-4 mass spectrometer (Perkin-Elmer, Norwalk, CT), us-
ing the method of Smith et al. (1963). Total C was deter-
mined on a Leco C analyzer (Leco Corp., St. Joseph, MI)
and the contents of permanganate lignin, cellulose, hemi-
cellulose, acid-detergent fiber (ADF), and neutral-detergent
fiber (NDF) were determined using the methods of Goering
and Van Soest (1970).

In the following spring of 1985, a 6 by 11 m area of Smolan
silt loam on a southern slope (3-5% slope) at the North
Agronomy Farm, Manhattan, KS, was raked clear of the
previous year's sorghum residues. Twelve field microplots
consisting of open-ended steel boxes (0.61 by 0.61 by 0.61
m) were then installed 1 m apart in two rows 2.28 meters
apart, six microplots to a row, using the device described by
Swallow et al. (1987). The Smolan silt loam has a 1:1 soil/
water pH of 6.4, a total organic N of 1.2 g N kg-' soil, a total
C content of 14.1 g C kg-' soil, and an average surface (0-
10 cm) bulk density of 1.0 g cnr3. Following installation on
29 May 1985, the soil in each microplot was excavated to a
depth of 12 cm, combined in one lot, and carefully mixed;
then a known weight of soil was repacked into individual
microplots to a bulk density of 1.1 g/cm3. The soil in each
microplot was sampled just before residue incorporation by
taking eight, 25-mm-diameter cores from the 0- to 10-cm
depth and three cores from the 10- to 25-, 25- to 45-, and
45- to 65-cm depths. These samples were used for moisture
analysis by drying a subsample of each in a forced-air oven
at 105 °C. The remainder of the sampled soil was dried at
45 to 50 °C and later used for inorganic-N, and total-N de-
termination. Total N was determined in the 0- to 10-cm
depth for each microplot by digesting 0.5-g samples in sal-
icylic-sulfuric acid (Bremner and Mulvaney, 1982) and ana-
lyzing the NH^-N in the digest with a Technicon
Autoanalyzer (Technicon Industrial Systems, 1977a,b). Am-
monium N and NOs-N were determined in all soil samples
for each microplot using 2 M KC1 as the extractant and the
Technicon Autoanalyzer for analysis.

On 30 May 1985, the crop residues listed in Table 1 were
mixed into the top 10 cm of soil of individual microplots at
a rate of 3947 kg residue ha-'. Duplicate microplots were
prepared for residues containing C/N ratios of 20, 25, 30,
and 44. Single microplots were prepared for residues with
C/N ratios of 27 and 37. Two additional microplots received
no residue and were used as checks. Soil temperatures at 5
and 15 cm were recorded daily using Datapod temperature
recorders (Omnidata Int., Logan, UT) from mid-May until
the end of October in two microplots. The recorders were
set to record the maximum, minimum, and average soil tem-
peratures on a daily basis. During the winter and early spring
months, soil temperatures were not measured daily. Missing
soil temperatures at these times were estimated from soil
temperatures measured daily at a weather station located
approximately 500 m from the microplots.

Sorghum was planted on 1 June 1985 in a single row down
the center of each microplot. Three weeks after seedling
emergence, the plots were thinned to seven plants per mi-
croplot. Sorghum was also planted in the area surrounding
the microplots in rows 76 cm apart and thinned to a plant
population of 150000 plants ha-'. On 19 Sept. 1985, the
plants in each microplot were pulled up by hand. Soil cling-
ing to roots was shaken off into the microplot. The heads,
leaves, stems, and crowns plus large roots were separated
and dried at 50 °C for 3 d. The heads were threshed, the
chaff combined with the stover, and the grain and stover dry
weights were recorded. The plant tissues were ground to pass
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Table 1. Selected chemical properties of the sorghum crop residues added to field microplots.
Total

Residue description!

Stage 2 sorghum plants
Stage 3 sorghum plants
Postharvest sorghum leaves
Postharvest sorghum leaves
Stage 4 sorghum stems
Postharvest sorghum stems

C/N

20
25
30
37
27
44

"N

atom %
1.51
1.10
1.70
2.44
1.30
2.29

N

21.0
17.1
13.3
11.0
15.3
9.2

C

411
419
404
407
411
408

Lignin

51
51
71
57
57
74

ADFJ
eke"1
& ™O

332
299
409
343
274
328

NDFJ

568
572
656
596
523
594

Cellulose

244
239
290
263
224
261

Hemicellulose

234
273
247
253
249
266

t Sorghum residue maturity indicated is as described by Vanderlip (1979).
t ADF = acid-detergent fiber, NDF = neutral-detergent fiber.

a 1-mm sieve, and total N and atom % 15N was determined
using the methods described previously. On the day when
plants were harvested, soil samples for inorganic N analysis,
gravimetric moisture, and bulk-density measurements to a
depth of 65 cm were taken at the same depth increments
used prior to sowing. Bulk-density measurements were used
for water-balance determinations. Gravimetric moisture
contents were also determined in the plot area around the
microplots by taking four cores to a depth of 65 cm, also at
the same depth increments.

Wheat was planted on 18 Oct. 1985, in two rows spaced
15 cm apart down through the center of each microplot. As
with sorghum, the area between and around the microplots
was planted with wheat at the same row spacing. Just prior
to planting the wheat and all subsequent crops, 30 kg P ha-'
as superphosphate (0-20-0) and 5 kg Zn ha-' as ZnSO4 were
mixed into the soil of each microplot, since a soil test in-
dicated medium to low P and Zn levels. On 9 June 1986,
wheat was harvested and soil and plant samples were taken
as described for sorghum. On 26 June 1986, sorghum was
planted again in each microplot using the same procedures
as in 1985. Since severe N deficiency appeared to threaten
the viability of the experiment, 20 kg N ha-1 as NH4NO3
was applied to each microplot 4 wk after emergence of the
1985 sorghum crop. The microplots were then planted with
wheat on 18 Oct. 1986. The double-cropped sorghum-wheat
rotation was continued for a 3rd yr, giving a total of six
crops. The soil was sampled and analyzed for NHj-N and
NO5-N down to the 65-cm depth at harvest for each of the
four crops grown in 1986 and 1987, using the same methods
as in 1985.

The accumulated amount of residue N recovered in the
harvested plants during the 3-yr period was summed and
expressed as a ratio of the mineralized N recovered over the
initial amount of N applied in the residue.

Modeling and Curve Fitting
For modeling purposes, we assumed the net amount of N

mineralized from the crop residues could be estimated from
the mineralized N recovered by the growing crops. We as-
sumed that leaching and denitrification losses were small,
and that crop uptake was the major sink for the mineralized
N. These assumptions are based on the following:

1. The restriction of the crop roots to the microplot area
would prevent them from using N from the surround-
ing soil. The presence of the growing crop (to which no
fertilizer N was added) in the immediate vicinity of the
decomposing labeled residues provided an active sink
for any mineralized N that might be produced. The
active sink of N-deficient plants would limit the build-
up of NOr-N.

2. Most of the N in the labeled crop residues was organic
N that would be slowly released through mineraliza-
tion. This slow release would limit the size of the
NOj-N pool for potential leaching and denitrification
losses.

3. The Smolan silt loam has a thick argillic horizon and

a very low leaching potential (Kissel et al., 1982) and
is categorized as having insignificant amounts of leach-
ing on an annual basis.

4. The placement of the microplots on the side of a hill
with a gentle slope would prevent them from being
flooded for extended periods of time.

Regression analysis was performed on the mineralized N
recovered 110 d after incorporation, using the chemical
properties of the crop residues as independent variables.
Regression equations were fit using two independent vari-
ables at a time for all of the residue chemical properties
measured. The model fitted was:

Nmin(110) = [1]
where Nmin(no) is the amount of N mineralized recovered
by Day 110 and X, and X2 are two chemical properties of
the residue that can be best used to predict the amount of
mineralized N recovered by the growing crop. All possible
two-parameter models were determined.

The relative mineralized N recovered (relative to the
amount recovered by Day 110) from each of the incorpo-
rated residues was also calculated by dividing the amount
of mineralized N recovered at 110, 476, 840, and 1097 d by
the amount recovered at 110 d and then subtracting one
from the relative values. This set the amount of mineralized
N recovered by Day 110 equal to zero. A modified form of
the first-order model used to describe N mineralization of
native soil organic matter (Stanford and Smith, 1972) was
fit to the relative N mineralized between 110 and 1097 d.
The modified first-order model used was:

RNmin = Nor[l - e-*<'-110>] + 1 [2]
where RNmin is the cumulative amount of mineralized N
recovered on any day after Day 110 relative to the amount
of mineralized N recovered at Day 110, Nor is the organic
N remaining in the crop residue or soil at 110 d that is
potentially mineralizable after 110 d, k is the fitted rate con-
stant in day-', and t is time in days.

The long-term mineralization for any of the residues could
be predicted by combining Eq. [1] and [2]. This was accom-
plished for a specific crop residue by first using Eq. [1] to
determine the amount of N mineralized by Day 110 from
the chemical properties (Xl and X2) of the residue. This
amount was then multiplied by the predicted relative N min-
eralized for any day (after 110) using Eq. [2]

Nmin(uo+,) = Nmin(110) X RNmin(r) [3]
where Nmirifno,.,) is the amount of N mineralized at any time
after 110 d, Nmin(110) is the amount of N mineralized by 110
d determined from Eq. [1], and RNmin^ is the N mineralized
relative to the amount mineralized by Day 110 determined
from Eq. [2].

The MINIMO model, a subroutine of the CERES-Maize
model, was also used to simulate the amounts of mineralized
N recovered by 110 through 1097 d. In this simulation, the
simulated amount of N mineralized from the labeled resi-
dues was assumed to be the amount that would be recovered
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Fig. 1. Accumulated mineralized N recovered from !5NJabeled sor-

ghum residues by double-cropped sorghum and wheat during a 3-
yr period. The error bars are the largest standard errors of the
mean for a C/N ratio treatment calculated at any harvest.

by a growing crop. To run this simulation, daily soil tem-
peratures and soil water contents were read from an external
data file. Soil parameters used to simulate mineralization in
the Smolan silt loam were a surface soil layer depth of 10
cm, a bulk density of 1.0 g cm*3, an initial inorganic N of
12.1 mg kg-', an organic C content of 14.1 g C kg-1 soil, a
residue loading rate of 3947 kg ha'1, and several soil moisture
parameters expressed on a percent-water basis by volume.
Soil-moisture parameters were a soil moisture lower limit
(LL) for crop uptake of 0.06, an air^dry soil water content
(AD) of 0.05, a saturation water content (SAT) of 0.40, and
a drained upper limit (DUL) of 0.32. Soil water content read
into the MINIMO model was simulated using the soil water
balance model described by Ritchie et al. (1986). The soil
water contents measured on 20 different days during the
summer of 1988 were used to determine the LL, DUL, AD,
and SAT parameters of the water balance model to fit the
soil and location of the field study. A weather station ap-
proximately 500 m away from the site was used to obtain
climatic data for the soil water balance model. MINIMO
parameters were adjusted to force an agreement between
measured N mineralized and N mineralized as predicted by
the MINIMO model.

RESULTS AND DISCUSSION
Generally, as the C/N ratio increased, the percent

recovery of mineralized residue N decreased (Fig. 1).
The N recovered by the first sorghum crop constituted
56 to 77% of the total N recovered during the 3-yr
period. We observed a greater recovery of mineralized
N by sorghum plants harvested each fall than by winter
wheat plants harvested each spring (Fig. 1), no doubt

Table 2. Rainfall by month for the years of the study.
Month

Jan.
Feb.
March
April
May
June
July
Aug.
Sept.
Oct.
Nov.
Dec.

1985

34
41
44

147
83

113
51

161
154
106
36
14

1986
———— mm

0
43
44
85

170
171
119
147
157
141
22
24

1987

14
31

121
56

194
79
34

134
36
69
69
27

1988

8
13
13
81
58
91
97
61
47
4

27
1

Q
UJ
N
-J

DC
UJ

1.6

UJ

5
UJtr

1.2

0.8
400 800

DAYS AFTER INCORPORATION

1200

Fig. 2. Accumulated mineralized N recovered relative to the amount
recovered by Day 110. The symbols are measured values and the
solid lines are predicted by the fitted equations.

due to higher temperatures and more precipitation
from April through August (Table 2).

All five crops after the initial sorghum crop har-
vested in 1985 showed severe N deficiency. Soil
NOs-N concentrations were low, whereas soil NHJ-
N did not decrease significantly from year to year (Ta-
ble 3). The unchanging NHJ-N concentrations before
and after subsequent crops suggests that most of the
2 M KCl-extracted NHj-N was not available for crop
uptake. In previous unpublished work from our lab-
oratory, we found that a portion of the extracted
NHJ-N was released upon drying the soil at 45 °C or
during the extraction process and was not available
for crop uptake. Since only small amounts of NOj-N
were extracted after each of the six harvests (Table 3),
and because of the low leaching potential of Smolan
soil (Kissel et al., 1982), the amount of residue min-
eralized N recovered was assumed to be nearly equal
to the net N mineralized.

The first-order models describe the relative N min-
eralized vs. time accurately (Fig. 2 and Table 4). It is
not apparent why the data separates into three curves.
The residues with C/N ratios of 30 and 37 are mature
sorghum leaves with generally higher ADF, NDF, and

Table 3. Soil inorganic N extracted with 2 M KCI at each harvest,
for sorghum and wheat.

Sorghum Wheat
Soil depth NH; NO; NHJ NO;

- mg kg-'

1985
0-10 7.47 0.75

10-25 7.60 0.45
25-45 7.43 0.32
45-65 6.47 0.23

1986
0-10 5.82 0.93
10-25 6.13 0.67
25-45 5.85 0.62
45-65 5.15 0.70

1987
0-10 6.30 1.12

10-25 7.58 0.47
25-45 6.15 0.05
45-65 5.77 0.05

10.45
7.90
6.58
6.23

4.93
4.47
4.60
3.97

11.03
10.22
9.35
8.57

1986

1987

1988

2.08
0.72
0.43
0.32

0.87
0.17
0.08
0.00

1.93
0.43
0.28
0.28

f Values are a mean of six plots in each year. No significant differences due
to C/N ratio treatment were measured.
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Fig. 3. A comparison between measured and predicted mineralized
N recovered by 1097 d after incorporation. The predicted values
were determined from a combination of Eq. [4] and the three first-
order models.

lignin contents than the other residues (Table 1). The
microbes decomposing mature sorghum leaves were
able to mineralize only 8.8 and 9.5% of the total residue
N applied by 110 d (Fig. 1). But after 110 d, the increase
in the amount of N mineralized was greater for mature
sorghum leaves than for any of the other residues (Fig.
2). Since the top 12 cm of soil was the same for all
microplots, it's likely that residue composition was af-
fecting the difference in the amount of N mineralized.
After 110 d, plots treated with mature sorghum leaves
could have had a lager pool of readily mineralizable
organic N than the other plots, as suggested by the larger
Nor value associated with these residues, compared with
the other residues (Table 4).

The treatments with C/N ratios of 20, 25, and 27
had lower ADF and relatively high N contents, and
mineralized the most N by 110 d. After 110 d, the

Table 4. The amount of organic N remaining in the crop residue
after 110 d that is still potentially mineralizable (Nor), the fitted
rate constant k, and associated statistics from the modified first-
order models fit to relative mineralized N recovered from micro-
plots treated with residue of various C/N ratios.
C/N ratio

20,27
25,44
30,37

N0,

0.408
0.753
1.152

k
d-1

0.00148
0.00126
0.00127

K>

0.98
0.89
0.96

RMSEt

0.0135
0.0779
0.0707

t Root mean square error.

amount of N mineralized from the treatments with C/
N ratios of 20 and 27 was lowest (Fig. 2). It is possible
that the N from the residues remaining in these treat-
ments wa_s not as readily mineralizable as the first 22
to 23% mineralized in the first 110 d. It is also possible
that some denitrification losses may have occurred.

The best two-parameter regression model fit to the
amount of mineralized N recovered by 110 d was:

Nmin = 70.88 - 0.794(C/N) - 0.942(ADF) [4]
where Nmin is the N mineralized recovered by 110 d
as percent of N initially applied in the residue, and C/
N is the C/N ratio and ADF is the ADF content of
the residue. The R2, root mean square error (RMSE),
and F of regression for Eq. [4] were 0.93, 2,56, and
49.01, respectively. The F of regression was significant
at the 0.01 level of probability.

The first-order models (Table 4) were used in com-
bination with Eq. [4] to predict the amount of miner-
alizable N recovered 1097 d after incorporation. The
slope and intercept of the linear fit between measured
and predicted mineralized N recovered is not signif-
icantly different from one and zero, respectively (Fig.
3 and Table 5).

Simulation Modeling
A comparison between soil water contents measured

in 1985 and those simulated using the soil water bal-
ance model are described by the following fitted regres-
sion equation:

Meas. = 2.664 + 0.9217(Simu.) [5]
where Meas. is soil water content gravimetrically de-
termined and Simu. is soil water content as predicted
by the soil water balance model. The slope and inter-
cept of the fitted regression equation are not signifi-
cantly different from one and zero, respectively,
indicating a close relationship between measured and
simulated soil water contents. The r2, RMSE, and F
of the fitted regression were 0.92, 1.455, and 153.62,
respectively.

The MINIMO model, based on the mineralization-
immobilizatibn routine in PAPRAN (Selignian and
Van Keulan, 1981), was used to simulate the net
amounts of N mineralized (Table 5). In all cases, the

Table S. Measured and predicted mineralized N recovered 110 and 1097 d after incorporation from >5N-labeled sorghum residues of various
C/N ratios.

110 d 1097 d

C/N

20
25
27
30
37
44

RSSt
LSDU

Meas.t

22.3(2.6)
23.0(3.4)
24.8
9.5(0.6)
8.8
4.5(0.6)

6.0

Predicted by
Eq. [5]

23.7
22.8
23.6
8.5
9.2
5.0

46

Predicted by MINIMO

Original

63.0
56.7
56.5
55.0
46.3
38.8

2 123 690

Adjusted
to+

25.3
20.2
18.9
16.6
9.5
3.9

209

Meas.

29.2(2.9)
36.5(3.5)
32.3
17.3(0.1)
15.7
6.6(0.6)

1.5

Eq. [5] with
first-order

model

31.1
35.1
31.0
15.5
16.7
7.8

66

MINIMO
adjusted

45.2
35.3
32.8
28.4
16.8
7.7

814

t Measured N mineralized are the means for plots of two replications treated with C/N ratios of 20, 25, 30, and 44. Values in parentheses are the standard
errors.

^ Values are the amount of mineralized N recovered expressed as a percent of the amount of N applied in the residue.
§ RSS is the residual sum of squares.
H LSD significant at the 0.05 probability level calculated from replicated data only.
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Fig. 4. A comparison between measured and simulated mineralized
N recovered using the MINIMO model after adjustment: (a) data
points overpredicted by model, (b) accurately predicted data. The
symbols are measured values and the dashed lines are predicted
by the fitted equations. The error bars are the largest standard
errors of the mean for a C/N ratio treatment calculated at any
harvest.

amount of mineralized N recovered that MINIMO
predicted was two to nine times greater than that
measured. Three rate constants are used in MINIMO
to calculate the gross rate of decomposition of a crop
residue. The rate constants are 0.8, 0.05, and 0.0095
d"1, representing the decomposition rates for residue
carbohydrate-like (RDCARB), cellulose-like
(RDCELL), and lignin-like (RDLIGN) fractions of a
crop residue, respectively. In order to bring the MIN-
IMO-simulated values closer to those measured with
the I5N-labeled residues, we decreased the rate con-
stants to 0.05,0.00425, and 0.00095 d-1 for RDCARB,
RDCELL, and RDLIGN, respectively. This change in
rate constants decreased the size of the difference be-
tween measured and simulated N mineralization (Ta-
ble 5). The values of 0.05, 0.00425, and 0.00095 d-1

are nearly the same as those originally used for crop
residues by Beek and Frissel (1973) of 0.075, 0.005,
and 0.00095 for RDCARB, RDCELL, and RDLIGN,
respectively.

The MINIMO routine also contains an equation
that adjusts the various rate constants based on the
C/N ratio of the mixture of freshly incorporated or-
ganic matter (FOM) and soil. This equation in its orig-
inal form is

CNRF = e~°-693KCNR - CNMAX)/CNMAX] [6]
where CNRF is the adjusting C/N ratio factor for the
decomposition rate constant, CNR is a C/N ratio de-
termined by dividing the C in FOM by the sum of the
N in FOM and the soil inorganic N, and CNMAX is
the C/N ratio when no decrease in the decomposition
rate constant is calculated. In MINIMO, if the cal-
culated value of CNRF is greater than one, the value
of CNRF is set equal to one. In this way, the decom-

position rate of residues with C/N ratios smaller than
CNMAX are never decreased by the CNRF function.
The decomposition rates for all residues with C/N ra-
tios larger than CNMAX are decreased slightly. In its
original form, CNMAX is set at 25, so that the value
of CNRF for residues with C/N ratios of 25, 30, 35,
40, and 45 are 1.0, 0.87, 0.76, 0.65, and 0.57 respec-
tively. If we use Eq. [6] to calculate CNRF values for
our residues with C/N ratios of 25, 27, 30, 37, and 44,
we get values of 1.0, 0.95, 0.91, 0.72, and 0.59, re-
spectively. The maximum mineralized N recovered by
110 d was 25% from the plot treated with a residue
with a C/N ratio of 27 (Table 5). The lowest recovery
of 4.5% was from plots treated with residues with a
C/N ratio of 44. If we divide 4.5 by 25%, we get 0.18.
This means that the residue with a C/N ratio of 44
mineralized about 0.18 of the maximum amount of
25% of the residue N applied. The value of 0.18 is
much less than the 0.57 we approximated using Eq.
[6]. This suggests that, for the sorghum residues used
in our experiment, the decrease in the rate constant
as affected by C/N ratio may be greater than the value
calculated by Eq. [6]. It is also possible that, for sor-
ghum residues, the maximum release rate is not
achieved at a C/N ratio of 25. The C/N ratio at which
CNRF is maximum for our field experiment can now
be calculated by setting CNR equal to 44 and CNRF
equal to 0.18.

Q J g = g-0.693[(44 - CNMAX)/CNMAX] [7]
After taking the natural log of both sides of Eq. [7]
and rearranging, the value of CNMAX was calculated
to be 12.7. The simulation was repeated using 13 in
place of 25, which gave better results, particularly with
C/N ratios of 30, 37, and 44. However, the predicted
amounts of N mineralized in treatments with C/N
ratios of 20, 25, and 27, were 30 to 40% less than
measured. A final adjustment was made to increase
the amount of mineralized N recovered for the nar-
rower C/N ratio by decreasing the N requirement for
microbial decay from 0.02 to 0.0165. In the model,
the N-requirement value of 0.02 was originally cal-
culated from the product of the fraction of C in FOM
(0.4), the biological efficiency of C turnover by soil
microbes (0.4), and the N/C ratio of soil microbes
(0.125). Microbial efficiencies of C turnover of 40 to
60% are considered realistic for the decomposition of
carbohydrates (Paul and Clark, 1989). If we allow for
two or more C-turnover cycles to occur, then we could
have efficiencies of only 0.20 to 0.36. In the field, where
we have more than one cycle of turnover, it is not
unreasonable to assume that the microbial efficiency
of C turnover could be closer to 0.33 (J.W. Doran,
1990, personal communication). If we make this as-
sumption, then

0.0165 = 0.4 X 0.33 X 0.125,
which demonstrates that a microbial N requirement
of 0.0165 is not theoretically unreasonable. More im-
portantly, this allows the MINIMO model to accu-
rately predict the amount of mineralized N recovered.
A linear fit between predicted and measured miner-
alized N recovered at 110 d had a slope and intercept
that were not significantly different than one and zero,
respectfully, indicating a reasonable simulation (Table
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5). The MINIMO model was then used to simulate
the amount of N mineralized for the rest of the 1097
d after residue incorporation (Fig. 4). The model was
able to mimic the measured data quite well, particu-
larly for residue treatments with C/N ratios of 25, 27,
37, and 44 (Table 5 and Fig. 4b). The model also pre-
dicted the measured increase in mineralization during
the summer months due to warmer temperatures and
generally moist conditions.

The relationship in Fig. 4a between measured and
predicted N mineralized shows the increase in min-
eralized N recovered during the summer months. For
residues with C/N ratios of 20 and 30, however, the
model overpredicted the amount of N mineralized.
We didn't include a denitrification component in the
model and it is possible that, for the C/N ratio of 20,
we may have had some denitrincation loss. The res-
idue with a C/N ratio of 20 was composed of very
young sorghum pants with highly available N and C.
This, combined with the moist conditions the spring
the residues were incorporated, may have caused some
loss. The residue with a C/N ratio of 30 had a higher
fiber content than the other residues (Table 1), which
could have caused the poorer fit observed with this
residue. The difference between measured and simu-
lated N mineralized was larger at 1097 d. However,
the slope and intercept of the regression fit between
measured and simulated N mineralized at 1097 d were
not significantly different from one and zero, respec-
tively. In summary the MINIMO model was able to
accurately simulate measured N mineralization at 110
through 1097 d after incorporation if: (i) the rate con-
stants for decomposition were decreased, (ii) the value
of the C/N ratio at which no decrease in the decom-
position rate is calculated is reduced, and (iii) the N
requirement for microbial decay is reduced. It would
be useful to test the MINIMO parameters selected in
this study by running the model on an independent
data set (preferably collected under field conditions).
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